The reproductive isolation in hydrenid beetles of the Ochthebius complex was studied by analysing gene exchange in natural populations of O. quadricollis, Ochthebius sp. A and O. brevicollis steinbuehleri collected along the Mediterranean coasts. The ranges of these three species are largely allopatric, but sympatric areas were detected between contiguous taxa, ie, O. quadricollis and Ochthebius sp. A; Ochthebius sp. A and O. b. steinbuehleri. Three levels of reproductive isolation and genetic divergence were observed. One level involves extensive intraspecific genetic divergence within the biological species O. quadricollis, Ochthebius sp. A and O. brevicollis, associated with both physical barriers (eg, sea and sand stretches) and the low dispersal capacity of larvae and adults. The finding of transitional samples between the most differentiated population groups should
Introduction
Speciation is central to evolution because of its fundamental role in determining biological diversity. The process of speciation requires the achievement of reproductive isolation. If populations are separated by physical barriers to dispersal, speciation may follow: the achievement of intrinsic reproductive isolation is then an incidental consequence of the accumulation of genetic differentiation (Mayr, 1963) . Reproductive barriers may also arise in populations that are not separated by major physical features, hence speciation might begin with genetic diversification in spite of some gene exchange between populations (Bush and Howard, 1986) . Between parapatric or sympatric populations where gene exchange is restricted, reproductive isolation can evolve if divergent selection is stronger than gene exchange (Rice and Hostert, 1993; Feder et al, 1997) . Although this conclusion has given rise to some controversy, its validity has been supported by the results of recent laboratory experiments and the evidence found in nature (Coyne and Orr, 1997) .
In the study of the origin of new species it is then of indicate, however, that there is still some gene flow between the populations of the three taxa. Another level is found between Ochthebius sp. A and O. b. steinbuehleri, whose gene pools appear to be fairly distinct in spite of the fact that reproductive isolation is still incomplete: in their few syntopic sites, some F 1 hybrids appeared indeed to have lower fitness, since backcrosses or recombinant genotypes were never observed. The final level in the evolution of reproductive isolation (full reproductive isolation) has been achieved by the species O. quadricollis and Ochthebius sp. A. No F 1 or F n hybrids, nor backcrosses were found in their sympatric areas. The relative importance of ecological factors and evolutionary forces in the prevention of gene exchange between taxa are discussed. Heredity (2002) 88, 333-341. DOI: 10.1038/sj/hdy/6800046 importance to know the level of reproductive isolation among populations, which changes are directly associated with it, under what circumstances such changes occur (allopatry, sympatry), and the relative weight of evolutionary forces in producing these changes. When the divergent populations are parapatric or sympatric, gene exchange can provide evidence of the level of reproductive isolation among populations (Harrison, 1990) . Only in the region of contact can gene exchange take place and be quantified by the degree of hybridisation and/or introgression.
The aim of this work was the analysis of reproductive isolation in natural populations of a species complex of the genus Ochthebius. The hydrenid beetles of the genus Ochthebius (Leach, 1815) (Urbanelli et al, 1996) .
In the present work we analysed the amount of gene exchange among populations of O. quadricollis, Ochthebius sp. A and O. b. steinbuehleri, using the distribution pattern of isozyme allele frequencies. The values of intra-and inter-specific genetic diversity and gene flow among populations have been used to identify different levels of reproductive isolation and genetic divergence in natural populations of the three species. On the basis of the results obtained, we have provided a preliminary assessment on the possible ecological factors and evolutionary forces preventing gene exchange between taxa, and the geographical context of the evolution of their reproductive isolation.
Materials and methods

Samples
Genetical analysis was conducted on the following taxa of the genus Ochthebius: O. quadricollis, Ochthebius sp. A and O. b. steinbuehleri. Specimens were collected from 71 localities along the Mediterranean coasts, including allopatric and sympatric samples ( Table 1 ). The allopatric samples were those already described in Urbanelli et al (1996) , whereas most of the sympatric samples were first analysed in the present work.
Allozymic analysis
Standard horizontal starch gel electrophoresis was performed on single specimens crushed in 0.1 ml distilled water. Fifteen enzymes were analysed in all, encoded by 17 putative loci: glycerol-3P-dehydrogenase (G3pdh), lactate dehydrogenase (Ldh), malate dehydrogenase (Mdh-1, Mdh-2), malate dehydrogenase (NADP + ) (Mdhp-1), isocitrate dehydrogenase (Idh-1, Idh-2), 6-phosphogluconate dehydrogenase (6Pgdh), superoxide dismutase (Sod-1), aspartate aminotransferase (Aat-1), hexokinase (Hk-1), esterase (Est-1), leucine aminopeptidase (Lap), aminopeptidase (Pep-1), triose phosphate isomerase (Tpi-1), glucose phosphate isomerase (Gpi), and phosphoglucomutase (Pgm). These loci included Ϸ50% of fast-and 50% of slow-evolving loci, sensu Koehn and Eanes (1978) . The electrophoretic procedures are reported in detail in Urbanelli et al (1996) .
Statistical analysis
Statistical analyses were performed on samples composed of both sexes because no significant differences in allele frequencies were observed between males and females (data not shown). Deviations from Hardy-Weinberg equilibrium were statistically analysed by chisquare, as well as F-statistics (Wright, 1951; Nei, 1978 Nei, , 1987 Nei and Chesser, 1983) . Chi-square contingency test was performed to detect significant differences in allele frequencies among samples (Sokal and Rohlf, 1981) .
Genetic divergence among conspecific populations was evaluated through Wright's F-statistic, F ST coefficients analysed using the procedure by Weir and Cockerman (1984) . F ST is the correlation between random gametes within populations relative to the gametic array of the total populations and reflects heterogeneity among populations.
Gene flow was estimated from the F ST values using the relationship F ST = 1/(4Nm + 1), where N is the effective size of an isolated, panmictic population, and m is the proportion of migrant individuals in a population (Wright, 1931; Slatkin, 1985) .
To evaluate hybridisation and introgression phenomena in the contact zones, a genetic hybrid index score (HIS) was calculated for each specimen, based on the procedure adopted in most studies on animal hybrid zones (Patton et al, 1979; Sage et al, 1986) . The index was computed for each specimen by assigning for each locus a score from +1 to −1 to the alleles that characterise the 'pure' taxa. The characteristic alleles of O. quadricollis and O. b. steinbuehleri were assigned +1; those of Ochthebius sp. A were assigned −1. The character index score of an individual represented the algebraic sum of its score over all loci surveyed. Since all considered loci had unique alleles in the three taxa, the score of an individual could range from +16 to −16 in the comparison between O. quadricollis and Ochthebius sp. A, and from +10 to −10 between O. b. steinbuehleri and Ochthebius sp. A. To visualise the procedure see Table 3 . This method provides a good way to visualise the genotypic composition of a population and hence the level of isolation between taxa.
Results
Genetic divergence and gene exchange between Ochthebius species
Analysis of conspecific populations: The allele frequencies of some representative populations within O. quadricollis, Ochthebius sp. A and O. brevicollis steinbuehleri (subspecies of O. brevicollis), are given in Urbanelli et al (1996) .
A measure of population diversity was provided by the standardised variance of allele frequencies (F ST values) with a chi-square contingency analysis of heterogeneity. Significant values of genetic diversity among all conspecific populations were observed, dependent on significant differences in allele frequencies at the loci Ldh, (Urbanelli et al, 1996) . , and is nearly fixed (Figure 2 ).
In O. b. steinbuehleri, two main population groups were found: group I includes Adriatic, Cretan and Greek (Monemvasia) populations, characterised by alleles 6Pgdh 80 and Gpi
108
; group II includes samples from Greece (Kastellorizo and Ghiorgos islands) and southwestern Turkey, with alleles 6Pgdh 80 and Gpi 102 (Figure 3 ).
When the populations of the three species were divided in the main groups mentioned above, no significant genetic diversity was observed. (Table 3) .
Extent of hybridisation and introgression: Character index scores for the samples from sites 11, 12, 16 and sites 24, 27-34 of central and southern Italy are shown in Figure  4 . In these sites inhabited by O. quadricollis and/or Ochthebius sp. A neither F 1 hybrids nor backcrosses were found, while some individuals with genotypes containing characteristic alleles of both species were observed. In the sites 12 and 24-33 the specimens clustered at the two ends of the histograms, while the samples from sites 11, 16 and 34 were composed of specimens genetically identified as O. quadricollis and by few introgressed specimens.
In the allopatric populations we never found genotypes containing characteristic alleles of both species: allopatric samples of O. quadricollis and Ochthebius sp. A were only composed of specimens with score +16 and −16, respectively.
Locations 24 and 27-34 were sampled again between 1990 and 1993 to analyse the temporal pattern of spatial distribution of O. quadricollis and Ochthebius sp. A in the contact zone, and to confirm the apparent lack of hybridisation. Despite some variation in the proportion between the two species, the sympatry between the two taxa was stable. No F 1 hybrids, backcrosses or recombinant genotypes (ie, genotypes indicating gene exchange) were ever observed. The introgressed genotypes observed were detected only at loci Mdh-1, 6Pgdh, Gpi and Pgm in O. quadricollis and Ochthebius sp. A and are reported in Table Figure 1 Geographic variation of allele frequencies at loci Idh-1 and Gpi in allopatric populations of Ochthebius quadricollis. For sample geographical origin see Table 1. 4. Moreover different patterns of introgression were observed at these loci, higher for Mdh-1 and 6Pgdh in both species and remarkably lower for Pgi and Pgm. Such patterns are similar for all the localities in all the sampling years, regardless of geographical distance. This shows that alleles at certain enzyme loci can penetrate in a foreign genome more easily than others (Bert and Harrison, 1988) . No significant variation was detected by a chi-square analysis between the average values of introgression observed for the two species in time (Table  4) . Genotype frequencies at loci Mdh-1, 6-Pgdh, Gpi and Pgm in the Tyrrhenian contact zone were always in agreement with Hardy-Weinberg's expectations, ie, there was neither deficit nor excess of heterozygotes (data not shown).
The contact zone along the Adriatic coast is very limited at present (Figure 4) . The sample from site 58 turned out to be composed of 90% O. b. steinbuehleri and 10% Ochthebius sp. A. Neither F 1 hybrids nor introgressed specimens were found. In site 59, a few hundred metres away, Ochthebius sp. A was observed in a proportion of 81% against 16% of O. b. steinbuehleri. Here F 1 hybrids were 3%, while no backcrosses or recombinant genotypes nor introgressed specimens were detected.
Discussion
The genetic studies on population samples of O. quadricollis, Ochthebius sp. A and O. b. steinbuehleri provided evidence of three levels of genetic divergence and reproductive isolation in the Ochthebius (Calobius) species.
Heredity
These biological species showed extensive intraspecific genetic differentiation. High genetic differentiation was indeed observed among some major population groups within the species, as revealed by significant F ST values and low levels of gene flow (Nm) among them (Table 2) . Conversely, low F ST values and high levels of gene flow were observed when the populations within these groups were compared. Transitional samples, ie, Elba and Punta Ala populations, have been found between the most differentiated population groups of O. quadricollis and Ochthebius sp. A, respectively (Figures 1 and 2) , indicating that some gene flow is still occurring between them. Presumably characterised by a low dispersal capability, Ochthebius beetles spend the larval and adult stages of their life cycle in ponds on rocky shores. These habitats are ubiquitously but irregularly distributed along the coasts of the Mediterranean basin (Beier, 1956 ; our observations). The levels of subdivision observed in the populations of these three species are not only related to the large geographical distances, but may also be the result of unsuitable habitats such as sea or sand stretches. Table 1. ated from conspecific Sardinian populations by the sea, and low genetic differentiation was observed among these populations (eg, no significant F ST values). These contrasting results could find a possible explanation in the dramatic changes the Mediterranean coasts have undergone since the last glaciations, as discussed by Urbanelli et al (1996) . Therefore, the presence of frequent extinction and colonisation events have probably caused genetic differentiation by drift or allowed, by colonisation, the expansion of isolated populations without any significant differentiation. In fact, the processes of extinction and colonisation which should enhance the rate of genetic differentiation of populations may also have impeded the stochastic differentiation of populations, resulting, in turn, in an important source of gene flow (Slatkin 1981 (Slatkin , 1987 Researches have repeatedly shown that sympatric taxa are always more discriminating than allopatric ones. This is often attributed to natural selection, which strengthens premating isolation (sexual isolation) in response to maladaptive hybridisation following the secondary contact between two taxa Orr 1989, 1997; Howard, 1993; Butlin, 1995) . The pattern of introgression between O. quadricollis and Ochthebius sp. A appears to somehow match this evolutionary scenario. The low frequency of introgression detected only in the syntopic sites, the existence of different patterns of introgression at the diagnostic loci, and the stability of the introgression surveyed during 4 years ( Table 4 ) would suggest that some time in the past some gene exchange took place when O. quadricollis and Ochthebius sp. A came into secondary contact before having developed efficient reproductive isolation mechanisms. A further indication that introgressed specimens are not produced by an on-going hybridisation is the agreement of genotype frequencies with HardyWeinberg's expectations in the syntopic samples. How- ever, research is being conducted into the assortative mating between sympatric and allopatric populations to assess whether natural selection, strengthening of mate discrimination, or other causes are responsible for the evolution of reproductive isolation between Coleoptera species. In fact both competitive exclusion and ecological character displacement could also explain the evolution of reproductive isolation in sympatry (Zouros and D'Entremont, 1980; Templeton, 1981; Grant and Grant, 1995; Rundle and Schluter, 1998) . If there is a clear-cut ecological differentiation at the time of the secondary contact, the competition for common resources between the two populations may lead to character displacement. However, the explanations invoking ecological differentiation do not require any hybridisation to happen, while for the natural selection hypothesis hybridisation and the production of hybrids are a necessary step (Kulathinal and Singh, 2000) .
